CsI:Tl films have been crystallized by the liquid phase epitaxy (LPE) method from CsI:Tl (0.3 mol.%) crystalline salt onto CsI substrates. The luminescent and scintillation properties of CsI:Tl films are systematically compared with the corresponding properties of CsI:Tl (0.3 and 0.03%) crystals grown from the melt. The luminescence of CsI:Tl films and CsI:Tl (0.03%) crystals in the bands peaked at 2.52 and 2.22 eV is related to the radiative relaxation from the weak-off and strong-off configurations of excitons localized around Tl þ ions, respectively.
1 Introduction The modern digital X-ray and gamma-ray imaging systems are usually based on the crystalline scintillating screens emitting in the visible or UV ranges coupled with the novel detectors (CCD cameras or amorphous silicon arrays) [1] . A wide variety of applications of such devices (nondestructive testing, astronomy, medicine, crystallography and basic physical research) strongly demand the development of series of scintillating screens with high detection efficiency and excellent spatial resolution.
CsI:Tl is a well-known scintillating material that can convert incident X-and g-rays into visible light with very high conversion efficiency up to 64 000 photons/MeV [2] . Therefore, the preparation of scintillating screens based on thick CsI:Tl crystalline films has been the main topic of activity of several research groups in the last few years [3] [4] [5] [6] [7] [8] .
The CsI:Tl crystalline films with 5-200 mm thickness were obtained for the first time by a vapor deposition technique onto the (100) cleavage planes of LiF single crystal and onto the amorphous glass substrate [3] . In both cases columnar morphology of films was observed. The CsI:Tl films grown onto the orienting LiF substrate have single-crystalline structure of columns in (110) and (112) orientations which are not coincident with the orientation of substrate due to the large lattice misfit and weak interaction between the layer and substrate. The oriented columnar CsI:Tl films with thicknesses more than 10 mm demonstrate the scintillation efficiency comparable with that of standard CsI:Tl single-crystalline a-detector [3, 4] .
The high-quality CsI:Tl films have been developed by the specialists of RMD company [5] [6] [7] using a vapor deposition technique on a specially designed substrates. The films were grown in the form of oriented microstructured columns with controllable diameter in the 3-5 mm range. The microcolumnar structure of the films suppresses lateral spreading of the scintillation light resulting in superior spatial resolution compared to bulk or polycrystalline scintillators. This allows high spatial resolution of the screens for applications in medical imaging to be achieved.
In recent work [8] , the CsI:Tl thin-film scintillators were also manufactured by the thermal deposition method. The scintillation characteristics of the CsI:Tl thin films were studied by X-ray-excited luminescence for different Tl concentrations between 0.05 and 1.0 mol.%. The wavelength of the main emission peak of films was about of 550 nm. The light intensity increased and the emission peak of X-rayexcited luminescence shifted toward the long wavelength for the higher Tl concentration.
Apart from the thermal deposition, the liquid phase epitaxy (LPE) methods can be also successfully applied for producing high-quality single-crystalline film scintillators of oxide [9, 10] and alkali-halide compounds [11] for application in medical imaging and nondestructive testing [1] . Such scintillating films are used in environmental monitoring for detection of a and b particles as well [12] . The LPE methods also allow the development of hybrid ''all solid-state scintillators''. Namely, the LPE methods can be applied for creation of the ''phoswich''-type scintillators containing the bulk single-crystal substrate-scintillator for registration of g-quanta and LPE-grown film scintillator for detection of a and b particles [12] (for instance, CsI:Tl film, grown by the LPE method on the CsI:Na substrate). However, to our knowledge, the data related to the growth and luminescent properties of CsI:Tl films prepared by LPE methods are completely absent up to now. Therefore, the aim of this work was crystallization and comparative study of the luminescent and scintillation properties of CsI:Tl thin crystalline films, grown by the LPE method, with their single-crystal analogs, grown by Bridgman methods, using the time-resolved luminescent spectroscopy of crystals and films under excitation by synchrotron radiation (SR) with energy in the 3.6-9 eV range.
It is important to note that the luminescence and scintillation properties of well-known phosphors usually substantially depend on the methods of their preparation. Specifically, single crystals and thin crystalline films of oxide [9, 10] and alkali-halide compounds [11] , grown from melt by the Czochralski or Bridgman methods and melt solution by the LPE method, respectively, show the significantly different luminescent properties. These differences are caused by: (i) the highest content of intrinsic substitution-type and vacancy-type defects in crystals, grown from the melt at high temperatures [13, 14] in comparison with the films, crystallized from melt solutions at significantly lower temperatures [9, 10] ; (ii) the presence of flux impurities in the case of crystallization of the films [9, 10] ; (iii) the differences in the segregation coefficient of activators for both methods of crystallization [10] . In our work, we try to find such differences in the luminescent properties of CsI:Tl bulk crystals and LPE-grown films and to explain the reasons for such differences. www.pss-a.com
depends on the quality of preparation of the substrate surface; namely, on the sufficient degree of removal of the broken layers induced by mechanical polishing, as well as the temperature of growth. Specifically, the films grown in the 25-29 8C range have polycrystalline-like structure with rough surface. Nevertheless, the films grown in the 40-37 8C range already have large single-crystalline areas with slightly mirror-like surface. Thus, increases in the values of T g and f g result in significant improvement of the structural perfection of the films. The XRD patterns (Cu Ka , E eff ¼ 8 keV) of the films grown in the mentioned temperature ranges (Fig. 1 ) confirm this assumption. Specifically, the XRD pattern of the film grown in the 40-37 8C range shows preferable growth of the crystalline film in the (110) plane (curve 2). The LY of radioluminescence (RL) and energy resolution DE (FWHM, %) measurements of CsI:Tl crystals and films were performed using a detector based on FEU-110 PMTs with the maxima sensitivity in the range of about 450 nm, and a multichannel single-photon counting system in a time interval of 0.5 ms under excitation by a particles of Pu 239 sources (5.15 MeV). The LY of RL of CsI:Tl films, grown in the 29-25 and 40-37 8C temperature ranges, was 73-75% and 82%, in comparison with the LY of CsI:Tl (0.3%) crystals. Thus, increasing the temperature of growth as well as the growth rate of films leads to raising their LY (Table 1) . Such an increase in the LY most probably is connected with increasing of the structural perfection of films as well as with some increase of Tl þ content in the films, grown at higher temperature. At the same time, due to some inhomogeneity of CsI:Tl polycrystalline-like films their energy resolution DE (FWHM, %) was significantly lower (19.1-22.3%) in comparison with the energy resolution of CsI:Tl crystals (6.5%) (Fig. 2) .
3 Luminescent properties of CI:Tl films and crystals Comparative analysis of the time-resoled intrinsic and impurity-related luminescence of CsI:Tl films and crystals has been performed at 10 K under excitation by pulsed (0.127 ns) SR at Superlumi station (HASYLAB at DESY) with an energy of 3.7-10 eV. The emission and excitation spectra were both measured in the integral regime and in the 1.2-6 ns and 150-200 ns time intervals (fast and slow components, respectively) in the limits of SR pulse with a repetition time of 200 ns. The excitation spectra were corrected for the spectral transmittance of the Al grating and the intensity of the SR beam; but emission spectra were not corrected. The decay kinetics of the luminescence under excitation by SR was measured in the 0-200 ns time ranges at 10 K. However, due to the narrow observation time gate (200 ns) we also measured the decay kinetics of the luminescence of CsI:Tl crystal and films in IEP Gdansk University in the wider (0-2 ms) time range under excitation at 4.27 eV in the A-band band of Tl þ ions by the Nd:YAG pulse laser pumped by the optical parametric generator PG401/SH. The luminescence was spectrally separated with a Bruker Optics 2501S model monochromator and registered at 300 K using a Hamamatsu C4334-01 model streak camera.
The luminescence spectra of CsI:Tl film (3) and crystals with high (1) and low (2) Tl þ concentration at 10 K are shown in Fig. 3 (Fig. 3a, curves 2 and 3, respectively) . It is worth noting that the high intensity of the STE emission in the film is an indication of their sufficient structural perfection.
The luminescence spectra of CsI:Tl film and crystal with low (0.03%) Tl Table 1 ). E max ¼ 2.52 and 2.22 eV, caused by Tl þ doping. This wellknown luminescence of CsI:Tl compound is related to the radiative relaxation from the weak-off and strong-off configurations of localized excitons around Tl þ ions (LE(Tl) centers), respectively [16] [17] [18] [19] . It is worth noting that the emission band related to the radiative intrinsic 3 P 1,0 ! 1 S 0 transition of Tl þ ions is also present in the emission spectra of films and crystals in the 3.1-3.4 eV range, but the intensity of this emission at Tl þ concentration in the 0.03-0.3% range is so small that it can be seen only when using the logarithm scale.
The form of the luminescence spectra and position of the emission bands in CsI:Tl film are very close to those for CI:Tl crystal with low (0.03%) concentration of Tl þ ions (Fig. 3a , curves 3 and 2, respectively) which is evidence of the presence in these samples of the same set of emission centers created by the Tl þ ions. At the same time, the position (2.11 eV) of the strong-off emission band of LE(Tl) centers in CI:Tl crystal with high (0.3%) content of Tl þ ions under excitation at 13.75 eV at 10 K is markedly shifted to the longwavelength range with respect to the position (2.18 eV) of the corresponding band in CI:Tl film and CI:Tl crystal with low (0.03%) concentration of Tl þ ions. Similar behavior takes place in the emission spectra of CI:Tl crystal and film under excitation in the A-bands of Tl þ ions (Fig. 3b) ; specifically, we can observe the low-energy shift of the emission spectra of high-doped CI:Tl (0.3%) crystal (curve 1) with respect to low-doped film and crystal analogs (curve 2). This can be considered as an evidence of the existence of different types of the Tl þ -related centers in the high-doped CI:Tl (0.3%) crystal, which can additionally contribute to the luminescence in the visible range. Most probably, these centers are caused by formation of Tl þ dimer centers [19] . The formation of such centers is a typical phenomenon in doping of ionic crystals by mercury-like ions with electronic structure ns 2 , which usually are characterized by very strong interaction with anions and cations of the host [19, 20] .
The difference in the emission spectra of the high-doped CsI:Tl (0.3 at.%) crystal and the low-doped CsI:Tl film under high-energy excitation and excitation in the A-band of Tl þ ions are shown in Figs. 4b and a, respectively, by curves 3. The different concentration of the dimer centers in the crystals and films is reflected in the essential diversity of the shape of the corresponding differential emission spectra in Figs. 4b and a, curves 3. From these spectra, as well as from the differential spectrum 4 in Fig. 3a , we can estimate the position of the bands related to the Tl þ dimer centers in the high-doped CsI:Tl (0.3%) crystal. Namely, the positions of these bands can be estimated from the extremes of additional bands located around 2.38-2.41 and 1.98 eV in the difference spectra of the CsI:Tl (0.3%) crystal in comparison with same spectra for CsI:Tl film (Fig. 3a, curve 4 www.pss-a.com curves 3). Similarly to the 2.52 and 2.22 eV emission bands in CI:Tl films and CI:Tl crystal with low (0.03%) concentration of Tl þ ions, these emission bands in the high-doped CI:Tl (0.3%) crystals can correspond to the weak-off and strong-off configuration of the excitons localized around the dimer Tl þ centers. The excitation spectra of the STE and Tl þ -related luminescence in the visible range in CI:Tl film and CI:Tl (0.3%) crystal at 10 K are shown in Fig. 5 . The structure of the p-component of the STE luminescence excitation spectra in the 5.5-7.0 eV and 7.5-8.5 eV ranges (Fig. 5c) represents, on the whole, the structure of the s-and d-states of I anions forming the bottom of the CsI conductive band [21] . The structure of the excitation spectra of the weak-off luminescence of LE(Tl) centers in the CsI:Tl film and crystal in the 4.2-5.5 eV range is completely similar and contains the set of strongly overlapped A (doublet), B (doublet) and C (triplet) bands that can correspond to the intrinsic 1 S 0 ! 3 P 1 , 3 P 2 , 1 P 1 radiative transition of Tl þ ions with electronic structure ns 2 . The positions of all the mentioned bands in CsI:Tl film are summarized in Table 2 .
The structure of the excitation spectra of the strong-off luminescence in CsI:Tl film and crystal at 10 K (Fig. 5b,  curves 1 and 2, respectively) is not identical and is significantly changed with respect to the excitation spectra of the weak-off emission (Fig. 5a) . Specifically, the finely structured bands, corresponding to the respective radiation transitions between the 1 S 0 ground state and excited 3 P 1 , 3 P 2 , and 1 P 1 levels of Tl þ ions are overlapped with the strong wide bands in the 3.9-4.65 and 4.65-5.5 eV ranges. Most probably, these bands correspond to the charge-transfer transitions (CTT) [22] between the states of I -anions, forming the top of the CsI:Tl valence band, and Tl þ ions as well as Tl þ ions and the bottom of conduction band. The intensity of these bands increases with the rise of Tl þ concentration and their position shifted to the low-energy range. Specifically, the intensity of CTT bands is larger in CsBr:Tl (0.3%) crystal and position of their low-energy edge (4.09 eV) is significantly shifted in the low-energy range with respect to the corresponding value 4.27 eV in CsI:Tl film. Most probably, such a shift of the excitation spectra of the visible emission in the high-doped CsI:Tl crystal is caused by overlapping the excitation spectra of the strong-off luminescence of excitons localized around Tl þ single and dimer centers.
Thus, based on the comparative analysis of the emission spectra of CsI:Tl films and crystals with different Tl þ content we have concluded that the dominant mechanism of excitation of the strong-off LE(Tl) luminescence is the CTT between I -anions and the excited states of Tl þ single and dimer centers.
The decay kinetics of the weak-off and strong-off luminescence of LE(Tl) centers under high-energy excitation above bandgap of the CsI host is presented in Fig. 6a . All decay curves show the two-component structure of the luminescence [6] [7] [8] [9] with the decay times of fast components in the 2.4-3.3 ns range and slow components in the tens of ms ranges, corresponding to the radiative transition from the singlet and triplet excited states of LE(Tl) centers [16] [17] [18] [19] . However, due to the high repetition frequency of SR pulse and narrow observation time gate (200 ns) the decay times of the longer components of Tl þ emission cannot be determined by the setup used. At the same time, from the respective approximation of the decay curves in Fig. 6 , we can see that the decay kinetics of the main slow component of the weakoff luminescence of LE(Tl) centers (Fig. 6, curves 1 and 2) is faster than that of the main component of the strong-off luminescence (Fig. 6, curves 3 and 4) , which indicates their different origin of the corresponding radiative transitions [16] [17] [18] [19] .
From Fig. 6 is also seen that the CsI:Tl film under excitation in the range of the interband transitions have somewhat faster decay kinetics of the weak-off luminescence of LE(Tl) centers (curve 2) in comparison with the high-doped CsI:Tl (0.3%) crystal (curve 1). However, due to the narrow observation time gate (200 ns) we can only correctly estimate the fast (in the ten ns range) components of LE(Tl) emission in these samples, while the longer components (calculated decay time above 10 ms) can not be well evaluated. Therefore, we also measured the decay kinetics of the weak-off luminescence of LE(Tl) centers at 2.25 eV in CsI:Tl (0.3%) crystal and films under excitation at 4.27 eV in the A-band band of Tl þ ions (Fig. 6b) . As can be seen from Fig. 6 , curve 1 the decay kinetics of the LE(Tl) center luminescence in CsI:Tl film is close to a singleexponential decay with a decay time of 0.48 ms. As opposed to the film, the decay kinetics of the LE(Tl) luminescence in the CsI:Tl (0.3%) crystal is nonexponential and visibly slower than that in the film. Most probably, the differences in the decay kinetics of the weak-off luminescence of LE(Tl) centers in CsI:Tl film and crystal are caused by the different concentrations of the Tl þ single and dimer centers because the relative concentration of these centers and the total content of Tl þ ions are peculiar to crystallization of these phosphors by the LPE and Stockbarger-Bridgman methods. The LY of the luminescence of the CsI:Tl (0.3%) films grown by LPE amounts to $75-82% of that for CsI:Tl (0.3%) crystal under excitation by a particles of Pu 239 (5.15 MeV) sources. At the same time, the energy resolution (FWHM, %) of these films (19.1-22.3%) is lower than that for CsI:Tl (0.3%) crystals (6.5%) due to somewhat lower structural homogeneity of the films.
The luminescent properties of the CsI:Tl films are compared with the corresponding properties of CsI:Tl (0.3 and 0.03%) crystals grown from the melt under excitation by SR with an energy of 3.7-9 eV. The luminescence of the CsI:Tl (0.03%) crystal and CsI:Tl film in the visible spectral range in the bands peaked at E max ¼ 2.52 and 2.22 eV is related to the radiative relaxation from the weak-off and strong-off configurations of excitons localized around Tl þ ions (LE(Tl) centers), respectively. We have shown that in the high-doped CsI:Tl (0.3%) crystal formation of the Tl þ dimer centers can take place. Namely, the additional visible emission bands peaked approximately at 2.42 and 1.98 eV can be related to the weak-off and strong-off configuration of excitons localized around the Tl þ dimer centers. We have found that the dominant mechanism of excitation of the strong-off luminescence of the LE(Tl) centers is the charge transfer transition between the I -anion and the Tl þ ions as well as the Tl þ ions and the bottom of conduction band in both single and dimer centers.
CsI:Tl films have somewhat faster kinetics of the luminescence decay under excitation in the range of interband transitions in comparison with the bulk crystal analogs, prepared from the same salt, due to differences in the concentration of the Tl þ single and dimer centers that are peculiar to crystallization of these phosphors by the LPE and Bridgman methods. www.pss-a.com
